Ultrashort-pulsed lasers have been demonstrated as effective tools for the nondestructive examination ͑NDE͒ of energy transport properties in thin films. After the instantaneous heating of the surface of a 100 nm metal film, it will take ϳ100 ps for the influence of the substrate to affect the surface temperature profile. Therefore, direct measurement of energy transport in a thin film sample requires a technique with picosecond temporal resolution. The pump-probe experimental technique is able to monitor the change in reflectance or transmittance of the sample surface as a function of time on a subpicosecond time scale. Changes in reflectance and transmittance can then be used to determine properties of the film. In the case of metals, the change in reflectance is related to changes in temperature and strain. The transient temperature profile at the surface is then used to determine the rate of coupling between the electron and phonon systems as well as the thermal conductivity of the material. In the case of semiconductors, the change in reflectance and transmittance is related to changes in the local electronic states and temperature. Transient thermotransmission experiments have been used extensively to observe electron-hole recombination phenomena and thermalization of hot electrons. Application of the transient thermoreflectance ͑TTR͒ and transient thermotransmittance ͑TTT͒ technique to the study of picosecond phenomena in metals and semiconductors will be discussed. The pump-probe experimental setup will be described, along with the details of the experimental apparatus in use at the University of Virginia. The thermal model applicable to ultrashort-pulsed laser heating of metals will be presented along with a discussion of the limitations of this model. Details of the data acquisition and interpretation of the experimental results will be given, including a discussion of the reflectance models used to relate the measured changes in reflectance to calculated changes in temperature. Finally, experimental results will be presented that demonstrate the use of the TTR technique for measuring the electron-phonon coupling factor and the thermal conductivity of thin metallic films. The use of the TTT technique to distinguish between different levels of doping and alloying in thin film samples of hydrogenated amorphous silicon will also be discussed briefly.
I. INTRODUCTION
Thermal design is a critical issue for the performance of high-speed micro-and optoelectronic devices. Understanding the energy transfer mechanisms and thermal properties of the thin films that comprise these devices establishes the foundation for reliable product design. Thermal and electrical properties of thin films are different from bulk materials due to physical size effects, as well as changes in the grain structure and defect concentration. This can result in a large variation in thin film properties, and a large dependence on the film growth technique.
The femtosecond transient thermoreflectance ͑TTR͒ technique was developed to quantify transient changes in reflectance on a picosecond time scale. Subpicosecond resolution is made possible by the pump-probe technique. In this technique, each pulse is split into an intense heating pulse and a weaker probe pulse. The heating pulse is used to generate the transient event to be observed. Control of the optical path length of the probe pulse produces a variable time delay between the pump and probe pulses. The probe then takes a snapshot of the reflectance at a specific experimental time delay relative to the pump, where the temporal resolution of the snapshot is on the order of the probe pulse duration. The idea of using a pulse to capture a transient event originated with the advent of high-speed spark photography. Töpler performed the first pump-probe experiment in 1867; a͒ Electronic mail: pamela@virginia.edu he used a 2 s spark to initiate a sound wave and then photographed the propagation using a second spark triggered with an electrical delay. 1 Ippen and Shank provide a detailed chronology of the origin of the pump-probe experimental technique, along with other methods using ultrashort light pulses. 2 The first pump-probe experiment conducted with an ultrashort laser pulse and an optical delay was used to measure the transient reflectance response of a germanium sample subjected to a 10 ps pulse. 3 Numerous studies followed shortly thereafter on a wide variety of materials including GaAs, 4 Si, 5 a-Si, 6 and organic molecules. 7 In 1974, Anisimov proposed a two-temperature model for describing heat transfer during ultrashort-pulsed laser heating in a metal. 8 This model assumes that the electrons absorb all the radiant energy and rapidly reach thermal equilibrium. The ''hot'' electrons then transfer energy to the ''cold'' lattice through electron-phonon collisions. Kaganov et al. derived the appropriate equations for the rate of energy exchange between the electron and lattice systems in 1957, including a material parameter called the electron-phonon coupling factor. 9 Kaganov showed that the energy exchange rate was linearly related to the temperature difference between the electrons and lattice for small temperature changes above the Debye temperature. 9 Initial investigations of ultrashort-pulsed laser heating of metals concentrated on the noble metals. In 1983, Eesley was the first to experimentally investigate Cu films using an 8 ps laser pulse and the pump-probe technique. 10 In 1987, two separate research groups pioneered the use of subpicosecond lasers to resolve nonequilibrium heating in Au and Cu. 11, 12 In 1990, Brorson et al. measured the electron-phonon coupling factor for a variety of metals 13 and in 1991 Elsayed-Ali et al. showed that the electron-phonon coupling factor is related to grain structure by performing experiments on single crystalline and polycrystalline Au films. 14 Most of the early investigations were performed on very thin films in order to observe the electron-phonon relaxation while minimizing the effects of diffusion. However, in 1986, Paddock and Eesley used the TTR technique to measure the thermal conductivity of thin films. 15 Several investigators have recently revisited this idea since the thermal properties of thin films have become a topic of great interest to the microelectronics industry. 16, 17 The TTR technique can also be applied to a longer temporal regime to measure thermal boundary resistance. 18, 19 The TTR technique can be readily applied to other materials, including semiconductors. By a slight variation in the experimental setup to monitor transmittance, semitransparent films on glass substrates can be probed for ultrafast dynamics. The electron-phonon relaxation in semiconductor materials has been studied extensively using a TTT technique. [20] [21] [22] 
II. PUMP-PROBE EXPERIMENTAL SETUP
Ultrashort-pulsed laser systems provide the critical temporal resolution necessary for measuring subpicosecond transitory effects. Figure 1 is a schematic diagram of the pumpprobe experimental setup used in the Microscale Heat Transfer Laboratory at the University of Virginia. The pulses from a coherent MIRA titanium:sapphire (Ti:Al 2 O 3 ) laser are generated at 76 MHz with a full width at half maximum ͑FWHM͒ of ϳ200 fs and are separated into two beams by a nonpolarizing beam splitter with an intensity ratio of 9:1. The Ti:Al 2 O 3 laser can be tuned to produce pulses through a range of photon energies from ϳ1.4 to ϳ1.7 eV. The intense pump beam ͑ϳ6 nJ/pulse͒ is used as a heating source while the lower power probe beam is used to monitor the change in reflectivity/transmissivity of the sample. The pump beam passes through an acousto-optic modulator ͑AOM͒, creating a modulated pulse train at a prescribed frequency of 1 MHz. The pump beam reaching the sample surface creates the modulated heating event required for TTR or TTT detection. A variable neutral density filter positioned in the pump beam path is used to regulate the pump intensity. The pump beam is focused to a spot size of ϳ30 m at an incident angle of ϳ50°from normal, which corresponds with a maximum incident fluence of Ͻ3 Jm Ϫ2 for this system. The probe beam passes through a dovetail prism mounted on a micropositioning stage used to vary the optical path length. As the optical path length of the probe increases, an experimental time delay is created between the arrival of pump and probe pulses. A half-wave plate is used to rotate the polarization of the probe relative to the pump. The probe beam is focused to ϳ5 m at near normal incidence in the center of the heated region, assuring that the probe beam lies entirely within the heated region. The reflected probe beam is sent into a photodiode detector, which induces a photocurrent that creates a measurable voltage signal. A calcite polarizer positioned before the detector reduces the effect of scattered pump light. A lock-in amplifier determines the magnitude and phase of the voltage signal at the modulation frequency of the AOM. The optical path length of the probe beam is changed using the variable delay stage, allowing for measurement of the transient change in reflectance or transmittance of the sample with a resolution on the order of the probe pulse duration, ϳ200 fs. 
III. DATA ACQUISITION
A LabView® program has been developed for the TTR/ TTT technique for data acquisition and also to control the motion of the dovetail prism mounted on the delay stage. The delay stage motion must be accurately coordinated with the recorded photodiode signal and laser power. Movement of the delay stage corresponds with an experimental measurement in time, with an associated minimum time increment referred to as the ''time constant.'' This time constant is directly related to the velocity of the delay stage and is also limited by the delay in real time between acquiring data points. The micropositioning stage can be moved in 1 m intervals with a total travel of ϳ23 cm, corresponding to a maximum experimental delay of 1500 ps. A 1 m displacement of the dovetail prism results in a 6.67 fs time delay, which is much less than the resolution of the measurement. The data acquisition system controls the distance the stage moves, as well as its velocity, thus precise control of the measured time dependence is achieved. There are instances where it is advantageous to move the stage at several different velocities during one scan. This can allow for the resolution of both fast and slow transients, while keeping the data acquisition time manageable. Thus, the program allows the user to prescribe four different time scale and resolution combinations for any particular measurement.
Both the magnitude and phase of the signal measured by the lock-in amplifier are recorded at each experimental time step. Recording the instantaneous laser power with each data point provides a reference of stability, since a constant fluence is desirable for the duration of the scan. The importance of signal phase has been demonstrated for use with the TTR technique. 23 The magnitude, A m (t), and phase, m (t), of the signal measured by the lock-in amplifier can be separated into transient and nontransient components, as given by
The magnitude and phase of the nontransient signal can be obtained from the measured signal prior to the arrival of the pump pulse. The transient response of the film generated by the pump pulse is assumed to be in-phase with the modulated pump beam. Thus, the only unknown is the quantity of interest, the magnitude of the transient signal that arises due to the heating event, A t (t). The dc signal from the photodetector is measured for each scan and used in the calculation of ⌬V/V, which is proportional to ⌬R/R ͑or ⌬T/T).
IV. TTR TECHNIQUE FOR MEASURING THERMAL PROPERTIES OF THIN METALLIC FILMS
Ultrashort-pulsed lasers with pulse durations of a few picoseconds to subpicoseconds are rapidly becoming viable as industrial tools. These lasers are ideal for performing nondestructive TTR measurements of thermal transport in thin metallic films. 15, 16 By localizing the energy deposition spatially and temporally, it is possible to monitor thermal changes in both the electron and phonon ͑lattice͒ systems with very high resolution, thus allowing for observation of electron-phonon relaxation dynamics. The ultrashort pulses are essential for the temporal resolution, but also induce nonequilibrium heating. To measure the thermal properties, a relationship between the reflectance of the film and the theoretical thermal response must be known.
The two-temperature model proposed by Anisimov and later renamed the parabolic two step ͑PTS͒ model by Qui and Tien is given by the following equations:
These equations represent energy balances for the electron and phonon systems, respectively, and are coupled by the electron-phonon coupling factor, G. In Eq. ͑2a͒, the electron heat capacity is linearly related to the electron temperature, C e (T e )ϭC e ЈT e , where C e Ј is the electron heat capacity constant. 25 The thermal conductivity depends on the ratio of the electron and lattice temperatures as, k e (T e ,T l ) ϭk eq ͓T e /T l ͔, where k eq is the equilibrium thermal conductivity. The lattice heat capacity, C l , and G are constant for small temperature changes above the Debye temperature. The source term, S(x,t), is given by
where x is the direction normal to the film surface, J is the laser fluence, p is the laser pulse width ͑ϳ200 fs͒, R is the reflectance of the film, and ␦ is the optical penetration depth. 26 Changes in R are generally less than 0.1%, so for the purposes of modeling, R is taken to be constant in the source term. The assumption of a one-dimensional thermal model is valid for film thicknesses much less than the diameter of the heated region. through electron-phonon coupling. The electrons and phonons eventually reach thermal equilibrium at which time both systems have a ϳ2 K temperature rise. The maximum change in temperature of the electron system is an order of magnitude greater than that for the lattice system, attributed to the electron heat capacity being an order of magnitude greater than the lattice heat capacity in Pt.
The pump-probe experimental technique is used to measure the change in reflectance of the sample surface as a function of time. Relating these changes in reflectance to the changes in temperature predicted by the PTS model is accomplished through the complex dielectric function:
where 1 () and 2 () are the real and imaginary parts of the dielectric function. The complex index of refraction, n , of the material is calculated from the square root of the dielectric function, ͱϭn ϭnϩik. Once the real and imaginary parts of the index of refraction are known, it is a simple calculation to obtain the reflectance of the thin film as a function of temperature. 27 The challenge is to determine the functional dependence of on T e and T l . The dielectric function is dependent on the absorption mechanisms, which in metals can involve both interband and intraband transitions. 28 For absorption by interband transitions to occur, the photon energy must be near or greater than the energy gap between electronic band states. Intraband transitions occur entirely within a single band and thus do not have a minimum required energy. 25 The electronic structure and proximity of the photon energy to the nearest interband transition energy for each material will determine the dominant absorption process.
When the incident probe photon energy approaches an interband transition energy, the reflectance is very sensitive to this interband transition. Rosei and Lynch presented a rough model for the change in the complex part of the dielectric function due to interband transitions. 29 Once the imaginary part of the dielectric function is known for all wavelengths, the Kramers-Kronig relationship can be used to calculate the unknown real part. 30 The approximation of a linear relationship between reflectance and temperature is reasonable for changes in temperature in the electron system less than 100 K. It is important to note the magnitude of the predicted thermoreflectance response due to interband transitions is on the order of 10 Ϫ4 K Ϫ1 . Even for probe photon energies far below the first interband transition energy, metallic films have been shown to exhibit an electronic thermoreflectance response. 31 In this case, the Drude model is used to estimate the complex dielectric function, which is influenced by the temperature dependence of electron collisions. The dielectric function assuming a nearly free electron model can be expressed by the following equation:
where is the frequency of the incident radiation, p is the plasma frequency, and is the electron collisional frequency. The temperature dependent part of the electron collisional frequency is given by;
where A ee and B ep are constant coefficients. This expression reflects the fact that the electron-phonon collisional frequency is proportional to T l at temperatures above the Debye temperature. 32 However, electron-electron collisions are significantly less frequent at room temperature 33 and are generally proportional to the square of T e . The reflectance response due to intraband transitions is two orders of magnitude less than that of interband transitions. Since the thermoreflectance response is weak for probe photon energies less than the interband transition energy, large temperature changes are usually required to obtain an appreciable signal. However, for large changes in the electron temperature ͑order of 100 K͒, the thermoreflectance response due to intraband transitions is significantly nonlinear and this response must be taken into account. 31 In the case of non-noble transition metals such as Ni and Pt, interband transitions are possible throughout the laser tuning range and detectable signals are achieved with much smaller temperature changes. Since the change in electron and lattice temperature in these samples is quite small ͑less than 100 K͒, it is reasonable to assume a linear relationship between changes in reflectance and temperature:
Determination of a will depend upon the relative magnitude of the initial fast transient spike in the TTR data. 34 This fast transient spike can be seen clearly in the TTR scan of a 200 nm Pt film deposited on a silicon substrate ͑Pt/Si͒ shown in Fig. 3 . This spike is primarily due to the initial absorption by electrons. Typical TTR results have an initial fast transient, followed by a gradual decay and finally some nominal value of the signal remains. Neither the electron or lattice temperatures are capable of explaining the entire experimental response alone.
Another interesting feature seen in TTR data is the deviation in the data seen at ϳ100 ps after the initial spike. This is due to strain-induced changes in the reflectance. During ultrashort-pulsed laser heating, highly localized heating causes thermal expansion to occur near the surface. This creates an acoustic wave propagating into the film, which partially reflects at the film-substrate interface due to the acoustic mismatch. When the reflected acoustic wave reaches the surface of the film, a strain-induced change in reflectance is observed. Given the sound velocity in the film, a nondestructive measurement of the film thickness can be performed. 16 The TTR response can be used to determine either k eq or G. Measurement of G is typically done using optically thin films. This ensures uniform heating of the film normal to the surface. Since there is no temperature gradient across the film, the influence of the thermal diffusion term in Eq. ͑2a͒ is minimized, allowing for measurements of G without precise knowledge of the thin film thermal conductivity. A CrankNicolson finite difference method 35 is used in solving the PTS model for a given value of G. The computed values for the transient T e and T l are then used in the appropriate thermoreflectance model to calculate theoretical values for ⌬R/R. The value of G is determined from a least-squares fitting routine by comparing the predicted temperature response to the experimental data. 36 The TTR technique has been used to reliably measure G in metallic films. TTR plots of Pt/Si and Au/glass are shown in Figs. 4 and 5, respectively, along with theoretical results. The platinum data in Fig. 4 were taken at varying photon wavelengths. Throughout this range, the linear reflectance model of Eq. ͑7͒ is appropriate since the photon energies are all greater than the minimum interband transition energy of 0.6 eV. As expected, the material property G is not affected by the photon energy, within the error limits of the experiment. The gold data in Fig. 5 were taken at varying fluence and since the incident photon energy is less than the minimum interband transition energy ͑ϳ2.45 eV͒ the data are fit using the intraband reflectance model, Eq. ͑5͒. As seen in Fig. 5 , the material property G is not affected by the fluence. Beware, however, of the influence the substrate can have on the microstructure of the thin film and hence on the value of G. For example, the value of G measured in Fig. 4 for Pt/Si (109ϫ10 16 Wm Ϫ3 K Ϫ1 ) differs from the value determined for Pt/glass (60ϫ10 16 Wm Ϫ3 K Ϫ1 ). 37 The rate of electronphonon coupling is related to the decay of the fast transient spike. The electrons in Pt couple their energy into the lattice much more quickly than in Au, resulting in a higher value of G. These figures give an indication of the resolution required for accurate monitoring of electron-phonon dynamics and for determination of G.
Since G is assumed to be independent of film thickness, once measured it can be used during thermal measurements of k eq on films of like composition and crystal structure. When making measurements of k eq , thicker metallic films should be used to produce a significant thermal gradient normal to the film surface. The determination of k eq is done using a similar least squares fitting routine on scans with a longer experimental time delay. Longer scans are required since thermal diffusion is a slower process than electronphonon relaxation. Figure 6 shows a TTR scan for Pt with a theoretical fit for k eq as calculated using the linear model, Eq. ͑7͒. To obtain accurate measurements of k eq using the curve fitting procedure, it is necessary to account for the acoustic echoes due to the thermally induced strain at the film surface. It is important to note, however, that the local thermal conductivity depends upon the local microstructure of the material. 
V. TTT TECHNIQUE FOR MONITORING ULTRAFAST DYNAMICS IN THIN FILM AMORPHOUS SEMICONDUCTORS
Ultrafast lasers and the pump-probe experimental technique have also been used to study electron-hole thermalization processes in semiconductors. Many experiments have been conducted on hydrogenated amorphous silicon ͑a-Si:H͒ using a pump laser with photon energies of 2.0 eV or greater. 20-22,38 -42 These photon energies exceed the optical band gap of a-Si:H ͑ϳ1.8 eV͒, so electrons are excited into extended states within the conduction band. Recent TTT studies at the Microscale Heat Transfer Lab have studied the fast carrier dynamics of thin film samples of a-Si:H and similar alloys used in photovoltaic cells. Within the optical band gap of amorphous semiconductors, exponential band tails exist, unlike in crystalline semiconducting materials. 43 The probe photon energy range ͑1.4 -1.7 eV͒ allows experiments to be conducted below the optical band gap ͑of ϳ1.5 eV͒ and in the exponential band tail states of a-Si:H. This is interesting since many of the unique electronic properties of a-Si:H are due to band tail states, as well as small changes in doping or alloying levels. By conducting experiments in this energy range, much can be learned about recombination rates and absorption mechanisms that rely on the exponential band tail states.
Samples with thicknesses ranging from 500 to 2000 nm, with varying hydrogenation, annealing, and doping levels have been tested, along with alloys including carbon ͑a-SiC:H͒ and germanium ͑a-SiGe:H͒. The films were grown by plasma enhanced chemical vapor deposition over tin oxide on glass. Since changes in reflectivity for these samples are orders of magnitude smaller than changes in transmission, it is assumed that the strong change in transmission response is due entirely to absorption mechanisms within the films.
Typical 6 ps TTT data acquired from a 500 nm intrinsic a-Si:H sample have an initial nominal value followed by a sharp negative spike in the transmission signal, as seen in Fig. 7 . This negative spike is attributed to an increase in absorption, and is followed by a rapid decay. Excited electrons relaxing within the exponential band tails and deep traps produce this rapid decay, reaching a residual value after a few picoseconds. 44 Maximizing the experimental time scale to 1500 ps reveals a very slight decrease in this residual value. The probe absorption continues to slowly diminish as recombination occurs and the excited area returns to thermal equilibrium. This change in absorption is related to the recombination of free carriers, and can be used to better understand the relaxation of hot electrons. The curvature of the decay and the residual value of the normalized scan are sensitive to the incident photon energy, nonequilibrium carrier dynamics, and thermal effects. TTT data are also sensitive to doping and alloying as shown in Fig. 8 , which shows intrinsic a-Si:H, n-type ͑a-SiP:H͒, p-type ͑a-SiB:H͒ films, a-SiGe:H, and a-SiC:H films, respectively. 45 It has also been shown that TTT data are sensitive to hydrogenation and annealing levels. Modeling all of these effects will make the pump-probe technique a potentially powerful tool for in situ monitoring of the manufacturing of amorphous semiconductor devices. 
